Introduction
In order to increase the efficiency of steam powered turbines, there is a growing demand for operation under super-critical conditions i.e. temperatures in excess of 600°C and pressures higher than 280 bar. However, this demand presents a challenge for material selection as higher operating temperatures imply the use of materials with higher creep and oxidation resistance. High chromium (Cr) steel grades (9% Cr) such as P92 can be candidate materials for manufacturing turbine components provided that their adequate mechanical properties are complemented by increasing their inherent limited oxidation resistance with a protective coating [1] . Coatings and surface treatments, in particular those with high Cr content (> 12%) which are able to form dense (less porous), protective oxides of Cr (e.g. Cr 2 O 3 ) and maintain integrity without inter diffusion of elements, especially at elevated temperatures of 600 °C and above, can thus be useful to increase the oxidation resistance of P92 [2] .
In this scenario, the physical vapour deposition (PVD) coating technique can be very useful in depositing oxidation resistant coatings. This technique has the advantage that coatings of a wide variety of elements in either their pure or compound form (nitrides, carbides, oxides or combination of all these) can be deposited. With the introduction of the novel High Power Impulse Magnetron Sputtering (HIPIMS) technique, very dense coatings with high adhesion can be deposited [3] which can address the requirements of oxidation resistant surface layers.
Recently, the behaviour of such PVD coatings for steam turbine components has been explored [4, 5] . Metal nitrides were chosen due to their hardness as steam turbine blades can be exposed to erosion from, for instance, spalled oxides, coming from the boiler and/or any other component located up-stream.
Nanoscale multilayer PVD coatings have several advantages over monolithic (single layer) coatings. In depositing multilayer coatings, their microstructure is manipulated, wherein several interfaces within these coatings are intentionally created by depositing alternate layers of different composition materials. This also gives an opportunity to combine inherent properties of the individual layers into a single coating. PVD and especially HIPIMS deposited CrN/NbN nanoscale multilayer coatings have exhibited excellent room temperature wet corrosion resistance, wear resistance [6, 7] and tribo-corrosion resistance [8, 9] . In this case, inherent hardness of CrN and NbN is combined with the higher electrochemical resistance of NbN resulting in a coating with a superior wear resistance and corrosion resistance [6] . Moreover the coatings were also found to possess superior oxidation resistance (air) up to a temperature range of 820 -850 °C depending on the stoichiometry of the coatings (N/Me ratio) [10, 11] . Literature suggests that the oxidation behaviour of Nb is very complex.
It can provide some oxidation resistance (in the temperature range of 600 -1000 °C) mainly because of its refractory nature [12, 13] , provided that the oxide scales (Nb 2 O 5 ) remain attached to the substrate or are less porous in nature [14] [15] [16] [17] .
There are few studies regarding the oxidation behaviour of Nb containing nitrides. For instance, Z. Qi and co-workers found that magnetron sputtered NbN and NbN 2 oxidized under air at 350-500º C forming a Nb 2 O 5 thin layer that exhibited cracks and pores. On the other hand, finely grained NbN 2 exhibited lower oxidation rates and this was attributed to finer columns present in NbN 2 , which in turn produced finer grain Nb 2 O 5 columns, which can accommodate higher critical compressive stress without cracking [18] . In another study, HIPIMS deposited CrN/NbN multilayer coatings showed excellent performance when exposed to 650 °C in a pure steam environment [4] . This coating exhibits a nanoscale multilayer very different from the typical columnar grown films produced by sputtering. The coating composition mainly consisted of a higher atomic % of Cr as compared to Nb (N: Cr: Nb = 58.0: 29.9: 12.2 at. %), and the coated substrates (P92) exhibited two orders of magnitude less weight gain as compared to uncoated substrates after 2,000 hours of testing. It is clear that a CrN/NbN coating provides good protection under these conditions. However the role of Nb in offering protection is unclear. Another study was conducted with a coating with twice the Nb content (N: Cr: Nb = 51.4: 26.2: 22.5 at. %), and up to 2,000 h the coating exhibited a slightly higher oxidation rate for a similar surface finished substrate [5] . In any case, the oxide developed on the coating was too thin to be studied and the mechanisms of protection/degradation of the coating could not be studied. Thus, in order to determine the influence of Nb on the long term oxidation resistance and on the protective oxide formed on these coatings, as well as to establish the protection/degradation mechanisms, a CrN/NbN coatings with higher Nb content, deposited by the HIPIMS technique were studied for significantly longer exposure.
It is clear that a CrN/NbN coating provides good protection under these conditions. However the role of Nb in offering protection is unclear. Another study was conducted with a coating with twice the Nb content (N: Cr: Nb = 51.4: 26.2: 22.5 at. %), and up to 2,000 h the coating exhibited a slightly higher oxidation rate for a similar surface finished substrate [5] . In any case, the oxide developed on the coating was too thin to be studied and the mechanisms of protection/degradation of the coating could not be studied. Thus, in order to determine the influence of Nb on the long term oxidation resistance and on the protective oxide formed on these coatings, as well as to establish the protection/degradation mechanisms, a CrN/NbN coatings with higher Nb content, deposited by the HIPIMS technique were studied for significantly longer exposure. [4, 7] .
Experimental details

Coating deposition
For oxidation studies coatings were deposited on ground P92 steel specimens with a surface finish with deep grinding marks (Ra: 0.63 µm). Subsequently, all the coupons were subjected to a 3 step sequence of an adhesion enhancing HIPIMS Cr ion etching [19] , followed by a CrN base layer deposition and bulk coating deposition consisting of alternating nanoscale CrN and NbN layers.
Coating characterisation:
In order to investigate their performance, the coatings were characterised using a number of 
Steam oxidation test
P92 uncoated substrates were ground (Struers 120) prior to testing whereas the coated specimens were tested as coated. The schematics of the closed loop laboratory rig employed at INTA is shown elsewhere [20] . Prior to testing, laboratory air was displaced from the specimen chamber by means of N 2 which was kept flowing while heating up to the test temperature (approximately at a rate of 600º C/h). Once the test temperature was reached, the N 2 flow was stopped and pure steam was introduced at a linear velocity of 8 cm.s -1 . To carry out weight measurements or to remove samples, the furnace was cooled to about 300º C under N 2 atmosphere and the specimens were subsequently removed. The reheat cycle was also carried out under N 2 atmosphere.
The oxidation kinetics were evaluated by mass gain measurements in a four decimal balance.
The specimens were removed from the chamber at fixed intervals. Spalled oxides if any, were not included during the weighting process.
Results and discussion:
Coating mechanical properties and adhesion
High hardness values exceeding HK 0.25N = 3300 were measured due to the special layered coating structure on nanoscale. Owing to the surface pre-treatment with HIPIMS technology by which prior to the coating deposition, the substrate is bombarded with accelerated metal ions, high adhesion critical load values of L C = 80N were measured for CrN/NbN deposited on P92 steel. Detailed information about the fundamentals and the technological parameters of the surface pre-treatment process can be found elsewhere in [3] .
Coating morphology
Detailed SEM analysis on the high Nb content coatings deposited on P92 samples showed the coating to be very dense in spite of the surface being very rough. Figure 1 (a-d) shows the SEM images obtained in secondary electron imaging mode. Figure 1a shows the overall surface of the coated P92 specimen in a low magnification. PVD coatings, being thin in nature and a line of sight process, replicate the surface topography, in this case the grooved topology of the substrate caused by grinding. The coating appears very dense with uniform coverage as evident in figures 1c and d due to the persistent and intentional ion bombardment of the depositing species (as a result of the higher ion to neutral ratio of the depositing flux) obtained in a HIPIMS plasma, leading to a higher ad-atom movement before they condense in a growing film. On the surface image (figures 1a and b) both grinding marks and growth defects can be observed, and as shown on the cross section image (figure 1c), the growth defects appear to be associated with the "hills" produced by grinding. These growth defects are typical of PVD coatings and in the present coating, they appear quite frequently. No cracks could be observed from the surface. Dense, very fine-grained-dome columnar shaped grains growing adjacent to each other to form the bulk coating. This coating micro-structure, typically obtained by a combined process of HIPIMS and Unbalanced Magnetron Sputtering (UBM) techniques [4, 6] is also evident in the higher magnification SEM images shown on figure 1b. Finer grain size in a PVD coating indicates higher nucleation rates thus leading to denser coating, which is paramount to protect the substrate. The true nature of the 3.5 µm coating density and specimen coverage, is however more evident in the cross-sectional image, CrN/NbN PVD coating can be seen in one of the previous publication [7] . As deposited CrN/NbN coating consists of CrN and NbN layers deposited on top of each other in which the metal nitride is an interstitial compound of either Cr or Nb and nitrogen [4] . XRD measurements revealed that the coating has a NaCl type face centred cubic (f.c.c) structure as shown in figure 2. The XRD pattern is typical for multilayer coatings where only one peak appears located in the middle of the reflections as a weighted mean of the individual reflections from CrN and NbN. As evident from the figure, the coating has a (111) and (200) preferred orientation. 
Steam Oxidation Behaviour
CrN/NbN coated P92 substrates were subjected to oxidation tests at 650 °C for up to 12,650 h in a pure flowing steam environment. Figure 3 shows the weight variation of both coated and uncoated P92 (for comparison purposes). As observed, CrN/NbN coated P92 begins by exhibiting a low mass gain as compared to the uncoated substrate, which is known to develop thick oxide scales after short exposures [19, 21] . However, after  8,000-9,000 h the oxidation rate of the coated sample increases and the slope of the weight variation curve becomes similar to that of uncoated P92 after the same exposure. When comparing the higher Cr containing coating tested during our previous study [4] with the present higher Nb one, the initial oxidation rates of the latter is a bit lower at the initial stages. However, after approximately 800 h the higher Nb coating exhibits higher oxidation rates, as shown in figure 4 on which the weight variation data obtained for both coatings are compared. These may indicate that the initial protective oxide is formed faster on the higher Cr coatings. In contrast, on the higher Nb layers, once developed, the oxide grows faster, which determines the long term protective behaviour of these coatings. Figure 5 shows the surface of the coated samples exposed to steam after 3,500 and 7,900 h.
On the 3,500 h sample, large nodules can be observed, which become even larger and more abundant on the 7,900 h sample. On the specimen exposed to 12,650 h further growth of the oxide nodules is observed on its surface. Mapping of a nodule found on the 3,500 h sample shows that it corresponds to Fe oxide whereas the surface of the coating is covered with Cr On the cross section image of the sample exposed for 3,500 h shown in figure 6 , it can be clearly seen how the oxide nodules originate from local zones that perhaps resulted from the detachment of coating growth defects present in the "as deposited" coating. Indeed, not many growth defects were left in the exposed samples, whereas the "as deposited" coating exhibited a relatively large number as discussed in previous paragraphs. This can be indicative that the original coating growth defects may be weak points, as they could detach from the coating due to thermal stresses during heating and/or cooling, right at the beginning of the test, leaving the substrate exposed to steam, so that oxidation would begin immediately.
Alternatively, steam could reach the substrate via the growth defect boundaries, resulting in substrate oxidation and growth defect detachment. The substrate corrosion products grow out through the defect, "overflowing" on top of the coating and undercutting below it, therefore a) generating the observed oxide nodules. In agreement with these results and our corresponding interpretation, Illana et al [4] found that a smoother surface finish without so many grinding marks, resulted in a lower oxidation rate due to the reduced coating growth defect density. As already shown in the previous paragraphs, the coating growth defects appear to originate mostly on the grinding marks. Ferritic steels exposed to pure flowing steam at temperatures higher than 550º C usually develop Fe 3 O 4 , which appear to be more stable than Fe 2 O 3 under said conditions [21] . In the present case, the presence of the coating seems to somewhat hinder Fe outwards diffusion, formed on ferritic steels when exposed to steam at high temperature [21] . The CrN/NbN coating located under the overflown oxide maintains the as deposited thickness and does not contain Fe in significant amounts. A thin oxide ( 0.8 µm) rich in Cr (34.6 wt. %) with minor amounts of Nb (6.9 at. %) and some Fe (4-9 at. %) has developed on its surface. Cr is known to be a protective oxide former so this is not surprising, and the presence of Fe can be explained by interdiffusion with Fe 2 O 3 laying right on top, as the nitride coating has no Fe. As already mentioned, Cr and Nb also diffuse outwards enriching Fe 2 O 3 in these two elements.
On the other hand, the coating present in zones on which there is no nodules and substrate corrosion (and it is therefore not covered by Depletion of Cr at the coating surface, takes place as observed in the element mapping shown in figure 9 , and it is also confirmed by dot EDS analysis which indicates a content of Cr as low as 10 at. % right at the interface with the oxide, whereas within the bulk, the content is of 22 at. %. In contrast hardly any Nb depletion is observed. On specific less abundant spots, the CrN/NbN coating has totally oxidised (figure 8a), but the oxidation does not extent into the substrate as it appears to be stopped by the very thin base CrN layer still located at the original substrate coating interface. As already mentioned, thin cracks/voids filled with a darker looking oxide can be frequently observed, most of them reaching the substrate, pass the CrN base layer, but without penetrating it. These self-healing cracks are filled with oxides containing Cr, Nb, Mn and some Fe, as seen in the map shown in figure 9 . Indeed, some Mn coming from the substrate can be observed at the base of the filled voids indicating that the healing mechanism not only takes place by protective oxide formed on the surface of the void, but also from Cr (and Mn) diffusion from the substrate. The thin crack/void self-healing process must have taken place very fast no evidence of substrate oxidation can be found as under it. 
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After 7,900 h the oxidation process continues, resulting in larger nodules of substrate corrosion products, as well as in further coating oxidation as seen in figure 10 . Less than 1.5 µm of coating is left in some areas. The oxide developed by the coating is nevertheless protective when compared to Fe oxides and Fe, Cr spinels formed by the substrate. XRD of this specimens show mainly peaks attributed to Fe 2 O 3 but some peaks with lower intensity correspond to Cr 2 O 3 and two others at approximately 22 and 27º, also with low intensity, could be assigned to Nb 2 O 5 , the most common of the Nb oxides ( figure 11 ). In the published literature, no mention of mixed Cr, Nb oxides could be found. This observation contrasts with our prior study, in which peaks that could only be attributed to NbO were found. The coating has lost more Cr as its Cr/Nb ratio continues to decrease (0.75), whereas the oxygen content within the coating has increased to an average of 15 at. %. In addition, Fe and
Mn have diffused into the coating and average contents of 3.5 and 2.1 at. % respectively, could be measured. As in the 3,500 h samples, thin cracks filled with oxide rich in Cr and Mn (coming obviously from the substrate beneath the crack tip) are present, therefore healing the coating and preventing the substrate to be attacked by steam.
Coating oxidation proceeds and after 12,650 h, most of the coating has disappeared on the areas that remain uncovered by oxide nodules (12a) and even in areas "protected" by Fe 2 O 3 most of the coating has also oxidised as seen in figure 12b. The oxide produced by this coating has higher volume than the corresponding nitride as it has reached 10 to 15 µm indicated by the Pilling-Bedworth ratio between the oxide and coating volume. This is not unexpected as according to Kidszum et al [22] , the Pilling-Bedworth ratio for NbN was calculated to be 2.35 for Nb 2 O 5 as oxide. In the present case the oxide scale exhibits a complex morphology, likely indicating that it is rather a mixture of more than one oxide as shown in figure 13 , and the presence of Cr, as well pores and inter-oxide detachment can cause an even higher apparent ratio. The base CrN layer under the CrN/NbN coating has been significantly enriched in Fe (16-30 at. %) and the remaining oxide has an even lower Cr/Nb ratio (0.68) with similar levels of oxygen, Fe and Mn as those observed in the 7,900 h, sample perhaps indicating saturation. In figure 13 , immediately to the right of the remaining coating, a darker colour oxide penetrating the substrate can be observed. Said feature is reminiscent of an oxide self-healed crack such as the ones shown on figures 9 and 10.
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Coating remains This darker oxide is rich in Cr, has little Fe or Nb but contains Mn as shown in figure 14 on which the element mapping is presented. Cr, Mn, Fe spinels are known to be protective in particular, if they are rich in Cr and Mn [23, 24] . In the present case, this oxide formed on the lateral surfaces of the crack/void could have been further enriched with Cr by diffusion from the substrate. These observations indicate that thin voids/cracks present in the as deposited coating, or developed during heating-cooling cycles, do not necessarily lead to substrate attack and therefore, the oxide nodules observed after 3,500 h may not result from cracks/voids but rather from detached coating growth defects, which leave relatively large substrate zones exposed to steam. coating growth defects can be avoided by preparing a smoother surface, oxide nodules could perhaps be avoided and therefore, this degradation mechanisms would disappear.
2. The main oxidation mechanism of metal nitrides is gradual replacement of nitrogen by oxygen via exchange reaction, which is due to the higher affinity of the metal for oxygen, [25] . The nitrogen atoms released during this reaction combine to form gas molecules in the surrounding atmosphere. Following this mechanism, oxidation of the coating, takes place, but at significantly slower rate than that experienced by the substrate, but nevertheless continues until all the coating is consumed. The resulting
Cr and Nb rich oxide seems to be constituted by a mixture of oxides and protects the substrate from steam oxidation at least up to 12,560 h at 650º C. The behaviour of the present coating is quite better than that of pure Nb nitrides, as shown by Qi and coworkers. They found that an approximately 2 µm coating totally oxidized at 500º C after only 2 h under air [18] . Steam is significantly more corrosive than air and in the present case, it took more than 12,000 h of exposure to pure steam at 650º C to totally oxidized a 3.5 µm CrN/NbN coating likely due to the presence of Cr in the oxide and to the higher density of HIPIMS deposited coatings.
Thin through-thickness cracks may develop in the "as deposited" coating during heating due to the mismatch of the thermal expansion coefficients of the coating and substrate materials.
However, these, as well as thin voids present in the "as deposited" coating (figure 1c), do not appear to become substrate corrosion pathways, as they self-heal by forming Cr rich spinels which also contain Mn, and seem to be very stable. Cr may come both from the substrate and the coating whereas Mn only from the substrate.
The coating composition evolves as it loses Cr likely because it diffuses faster than Nb, to be The results of this work also evidence that steam oxidation testing in the laboratory requires long exposures. Ilana et al tested the same coating under the same conditions for 2,000 h, up to which the coatings had not exhibited significant oxidation [5] . For this particular coating more than 3,000 h were required to observe the oxidation of the coating. Moreover, the long term oxidation exposure allowed identification of the coating protection and degradation mechanisms.
Conclusions
A range of advanced surface analytical techniques and specialised high temperature steam test equipment was successfully utilised to reveal the degradation mechanism of a metal nitride based PVD coating in conditions of significantly long exposure times to a pure steam environment.
It was found that CrN/NbN with high Nb content protects P92 from steam oxidation at 650º C at the initial oxidation stages. After exposures longer than 7,900 h, coating growth defects detach and result in significant substrate oxidation. These defects appear to be mostly caused by the substrate grinding marks However, thin voids or cracks can self-heal preventing steam to reach the substrate. Thin protective Cr and Nb rich oxides develop and grow progressively as a function of exposure time, and are certainly less stable than other Cr containing oxides such as Mn, Fe spinnels, which are known to be quite stable under the same conditions [22, 23] . Nevertheless, the results of this study show that HIPIMS deposited CrN/NbN coatings improve the oxidation resistance of the bare P92 by factor of 10 after long 12,650 hours exposure to 650 o C.
Furthermore, the present results indicate that hard and adhesive nitride coatings could be very protective provided that they contain slow growing protective oxide formers such as Cr and perhaps Al and that coating growth defects are avoided by correct mechanical surface preparation.
